The BrO radical, prepared by the BrϩO 3 reaction, has been investigated by ultraviolet photoelectron spectroscopy. Two vibrationally resolved bands were observed corresponding to the ionizations BrO ϩ (X 3 ⌺ Ϫ )←BrO(X 2 ⌸) and BrO ϩ (a 1 ⌬)←BrO(X 2 ⌸). These assignments are supported by the results of complete active space self-consistent field/multireference configuration interaction ͑CASSCF/MRCI͒ calculations performed as part of this work. The adiabatic ionization energies of these bands were measured as (10.46Ϯ0.02) and (11.21Ϯ0.02)eV, respectively. Measurement of the vibrational separations in these bands led to estimates of the vibrational constants in the ionic states of (840Ϯ30) 
I. INTRODUCTION
The importance of bromine in the earth's atmosphere, particularly in reactions that lead to the loss of ozone, is now widely recognized. [1] [2] [3] Although less abundant than chlorine, it has a greater potential to destroy stratospheric ozone since catalytic cycles involving BrO are more efficient than those involving ClO.
An understanding of the consequences of bromineoxidant reactions requires a knowledge of the properties of the molecules involved, such as their ionization energies, electron affinities, equilibrium structures, and vibrational constants. These quantities are valuable in thermochemical cycles used to determine the heats of formation of bromine oxides, notably BrO, BrO 2 , and Br 2 O.
The BrO radical has a 2 ⌸ 3/2 ground state. It has been investigated experimentally by microwave, 4 infrared, 5 and cavity ring down spectroscopy, 6 as well as with electronic structure calculations. [7] [8] [9] Similar studies have also been made on Br 2 O and BrO 2 . [10] [11] [12] [13] [14] [15] [16] The ionization energy of BrO was first reported in 1978 17 when ultraviolet ͑UV͒ photoelectron spectroscopy was used to study the OϩBr 2 reaction. A sharp band associated with a reaction product, with the adiabatic component equal to the vertical component at 10.29 eV, was assigned to the first ionization of BrO, the BrO ϩ (X 3 ⌺ Ϫ )←BrO(X 2 ⌸) ionization. Much more recently, a photoionization mass spectrometric ͑PIMS͒ study of BrO, produced from the OϩBr 2 reaction, determined the first adiabatic ionization energy of BrO as (10.46Ϯ0.02) eV. and the more recent PIMS value of (10.46Ϯ0.02) eV. 18 For this purpose, the reactions BrϩO 3 and OϩBr 2 were studied at different reaction times by ultraviolet ͑UV͒ photoelectron spectroscopy.
II. EXPERIMENT
HeI ͑21.22 eV͒ photoelectron spectra were recorded for the BrϩO 3 and OϩBr 2 reactions using a single detector photoelectron spectrometer specifically designed to study shortlived species in the gas phase. 22 Under typical operating conditions, the resolution as measured from the full width at half maximum ͑FWHM͒ of the Ar ϩ ( 2 P 3/2 )←Ar( 1 S 0 )(3p)
Ϫ1
photoelectron band was approximately 30 meV. Spectra were obtained by linearly sweeping the pass energy of an electrostatic hemispherical analyzer. At 5.5 eV pass energy, the resolution was approximately 30 meV, and at 11.0 eV pass energy the resolution was approximately 60 meV. Spectra were calibrated using the known ionization energies of the reactants and stable product species, notably O, Br, and O 2 , as well as methyl iodide which was added to the ionization region. In practice, it was found that a higher partial pressure of BrO could be produced from the BrϩO 3 reaction than from OϩBr 2 . This was because although the rate constant of the BrϩO 3 primary reaction (k 1 ) is an order of magnitude less than that of the OϩBr 2 reaction (k 2 ), the secondary reaction which removes BrO associated with reaction ͑1͒ ͓reaction ͑3͔͒ is much slower than the secondary reaction which removes BrO associated with reaction ͑2͒ ͓reaction ͑4͔͒.
The rate constant of these reactions, at 298 K, is .
͑4͒
To study the BrϩO 3 reaction, Br atoms were produced by passing a flowing mixture of SiBr 4 and argon through a microwave discharge ͑2.45 GHz͒. Preliminary experiments showed that a microwave discharge of SiBr 4 did not produce any photoelectron signals other than those seen in a photoelectron spectrum of discharged Br 2 . Discharged SiBr 4 was, however, preferred as a source of Br atoms since good yields of Br atoms were obtained and problems associated with contamination of the ionization region and signal stability over a long period are considerably less than those encountered when using Br 2 . 24 Ozone was produced by a 10 kV silent discharge of flowing molecular oxygen and was collected by adsorbing it onto silica gel contained within a U-tube cooled to 195 K by use of a dry ice/acetone slush bath. 25 After several hours of ozone production, the U-tube was removed from the ozonizer and attached to the spectrometer, where the ozone was allowed to desorb by slowly raising the tube out of the cooling bath. Virtually pure ozone was admitted to the spectrometer through a thin ͓3 mm outer diameter ͑o.d.͔͒ inlet tube positioned down the center of the tube used to carry the Br/Ar mixture. The inner tube could be moved with respect to the outer tube, whilst maintaining the low pressure in the inlet system, so that the position at which O 3 was introduced into the Br atom flow could be altered in the range 0-30 cm above the photon beam. This feature of the inlet system enabled the production of BrO and the secondary products of the BrϩO 3 reaction to be studied as a function of mixing distance. This mixing distance range corresponds approximately to reaction times in the range 0-15 ms. All internal surfaces of the glass inlet system were carefully pretreated with phosphoric acid to minimize surface catalyzed recombination reactions. Experiments conducted in the absence of ozone were able to show that the Br atom yield was unaffected by the position of the moveable inlet tube.
A similar inlet system was used to study the products of the OϩBr 2 reaction as a function of mixing distance above the photon beam. In these experiments O atoms were produced in the outer inlet tube by passing a flowing mixture of O 2 and argon through a microwave discharge and Br 2 was introduced to the oxygen flow above the photon beam via the moveable inner tube. All the internal surfaces of this glass inlet system were carefully pretreated with boric acid.
III. COMPUTATIONAL DETAILS
Ab initio molecular orbital calculations were carried out on BrO, and a number of isomers of Br 2 O and OBrO, as well as their low-lying cationic states. Most of the calculations were carried out using the GAUSSIAN 94 and 98 suites of programs, 26 although some calculations were performed with MOLPRO. 27 All quantum chemical calculations presented in this work were performed with the cluster of DEC 8400 machines at the Rutherford-Appleton Laboratory, EPSRC, United Kingdom.
In order to aid assignment of bands observed in the BrϩO 3 and OϩBr 2 reactions associated with reaction intermediates, adiabatic ionization energies ͑AIEs͒ and vertical ionization energies ͑VIEs͒ and Franck-Condon factors were computed for photoelectron bands of BrO, BrO 2 , and Br 2 O and other isomers. Details of the calculations performed for each molecule and the results obtained will be presented later in Sec. IV.
IV. RESULTS AND DISCUSSION

A. The Br¿O 3 reaction studied by PES
A photoelectron spectrum recorded for O 3 , mixed with SiBr 4 and Ar at a distance of 15 cm above the photon beam, is shown in Fig. 1͑a͒ . The ozone sample is virtually free from oxygen and hence the spectrum shows only a very small contribution from O 2 . The first three bands of O 3 can be seen in the ionization energy range 12.5-14.0 eV 25 and the first four bands of SiBr 4 are observed in the range 10.5-12.5 eV. 28 Figure 1͑b͒ shows the photoelectron spectrum recorded for the same gas sample but with the SiBr 4 /Ar mixture being passed through a microwave discharge before it is mixed with O 3 15 cm above the photon beam. There is no undisso-ciated SiBr 4 in this spectrum and the presence of Br atoms is confirmed by a band at 11.81 eV corresponding to the ionization Br ϩ ( 3 P 2 )←Br( 2 P 3/2 ). 24, 29 The first band of oxygen is also clearly seen in this figure, indicating that the reaction BrϩO 3 →BrOϩO 2 is occurring. For reaction products to be observed, it was found that ͓O 3 ͔ must be in considerable excess relative to ͓Br͔ and as a result signals arising from HeI ␤ ͑23.09 eV͒ ionization of O 3 were present in the 10.0-12.0 eV ionization energy region of the HeI␣ spectrum. This region was further complicated by signals arising from Br 2 , formed by recombination of Br atoms. Ionization to the second spin-orbit component of the ground state of Br 2 ϩ gives a band at 10.91 eV. Ionization to the first spin-orbit component of the ground state of Br 2 ϩ gives a band at 10.55 eV, but this is overlapped by at least three additional features associated with a short-lived reaction intermediate. Another unidentified structured photoelectron band associated with a reaction intermediate is observed in Fig. 1͑b͒ at approximately 11.2 eV ionization energy. These two bands, which have been assigned to BrO on the basis of evidence which will be presented later, have AIEs of (10.46Ϯ0.02) and (11.21 Ϯ0.02 eV). They showed the same intensity ratio under all experimental conditions of (1.3Ϯ0.1), corrected for analyzer transmission, in reasonable agreement with the 3:2 intensity ratio expected for the lowest energy ionizations of BrO, BrO Figure 2͑c͒ shows the result of subtracting the HeI ␤ estimate ͓Fig. 2͑b͔͒ from the experimental spectrum ͓Fig. 2͑a͔͒. The same procedure was adopted for the spectrum recorded at a mixing distance of 0 cm and this is shown, after subtraction of the HeI ␤ contributions, in Fig. 2͑d͒ . At this mixing distance, no reaction has occurred and the two bands assigned to BrO are absent. Also, the Br atom band at 11.81 eV in Fig. 2͑d͒ is, as expected, considerably more intense at this mixing distance than that observed in the spectrum recorded at a mixing distance of 15 cm ͓Fig. 2͑c͔͒.
Having obtained two spectra ͓Figs. 2͑c͒ and 2͑d͔͒ which are wholly attributable to HeI␣ signals, the Br 2 contribution to the spectrum recorded at a mixing distance of 15 cm ͓Fig. 2͑c͔͒ was removed by subtracting the spectrum recorded at 0 cm ͓Fig. 2͑d͔͒. The result is the spectrum shown in Fig. 2͑e͒ , in which the positive signals are those arising from reaction products and the reactants ͑only Br atoms, in this region of the spectrum͒ appear as negative features. It should be noted that this subtraction procedure has not introduced any structure which could not be observed in the original spectrum recorded for the BrϩO 3 reaction.
The adiabatic ionization energy of the first BrO photoelectron band, assigned to the BrO Figure 1͑b͒ shows the HeI photoelectron spectrum obtained for the BrϩO 3 reaction at a mixing distance of 15 cm above the photon beam. Br atoms were prepared by microwave discharge of a SiBr 4 /Ar mixture. Figure  1͑a͒ was obtained for the same reaction mixture, but with the microwave discharge turned off. The intensity of the third band of ozone in these spectra is approximately 2500 counts s
Ϫ1
. The count rate scale used to record the 10.0-11.9 eV ionization energy range was ten times lower than that used to record the 11.9-14.0 eV region. is observed at an AIE of (11.21Ϯ0.02 eV͒. Three vibrational components were observed in this band with the possibility of a fourth. Measurement of the vibrational spacings led to an estimate of the vibrational constant, e , in the ionic state of (880Ϯ30) The first three photoelectron bands of BrO are expected to arise from the (5) Ϫ1 ionization, which gives rise to the X 3 ⌺ Ϫ , a 1 ⌬, and b 1 ⌺ ϩ ionic states. As the 5 molecular orbital is antibonding in character, the vibrational constants, e , in the first and second photoelectron bands are expected to be greater than the vibrational constant, e , in the X 2 ⌸ state of BrO ͑725.7 cm Ϫ1 ͒, 5 as is the case. Also, as the spinorbit splitting in BrO X 2 ⌸ is 815 cm Ϫ1 , 30 the population of the X 2 ⌸ 1/2 state relative to that of the X 2 ⌸ 3/2 state is expected to be very small at room temperature and as a result the observed bands are expected to arise only from ionization of the X 2 ⌸ 3/2 state. Unfortunately, the third band of BrO, corresponding to the BrO
ionization, could not be observed because of overlap with more intense bands in the 11.6-12.1 eV region, notably bands of Br atoms, O 2 , and the third band of O 3 recorded with HeI ␤ radiation. Photoionization of BrO X 2 ⌸ 3/2 with a Boltmann vibrational distribution at room temperature is consistent with the spectra obtained. The BrϩO 3 reaction ͓reaction ͑1͔͒ is exothemic by 1.4 eV. The BrO produced is almost certainly produced vibrationally excited, but no evidence for this was obtained from the experimental spectra. It appears that BrO is collisionally vibrationally deactivated between the point of production and photoionization.
Photoelectron spectra were recorded at constant reagent partial pressures at a range of mixing distances in the region 0-30 cm. The relative intensities of all reactant and product bands were measured at each mixing distance, from difference spectra obtained by the procedure outlined above, and these are plotted in Fig. 3 . As can be seen from this figure, the relative concentration of the reactants decreases with mixing distance while the stable product (O 2 ) increases steadily. The mixing distance profiles of the two BrO bands closely resemble each other, supporting their assignment to ionization of the same neutral species. The short-lived nature of the molecule associated with these bands is confirmed by the way their intensities initially increase for short mixing distances ͑Ͻ10 cm͒ and then decrease at mixing distances greater than 10 cm, corresponding to reaction times greater than 5 ms.
Using the procedure outlined previously, 31 the relative intensity of the vibrational components in the first two bands of BrO was used to estimate the change in equilibrium bond length on ionization. The method involved assuming that each state was well represented by a Morse potential, which is determined by values of e , e x e , and r e . For the X 2 ⌸ 3/2 state of BrO these values are well established. 4, 5, 30 However, for each ionic state e was determined from the experimental vibrational spacings. For each ionization, Franck-Condon factors were computed for a range of possible ionic r e values and the computed vibrational profiles were compared to the experimental envelopes by means of a least-squares procedure. Using this method, the values of r e which give the best fit to the experimental envelopes were (1.635Ϯ0.005) and (1.641Ϯ0.005) Å for the X 3 ⌺ Ϫ and a 1 ⌬ states of BrO ϩ , respectively. The Franck-Condon factors computed with these bond lengths are compared with the experimental relative vibrational intensities in Fig. 4 .
The 
B. Ab initio calculations on BrO
In the present investigation, CASSCF/MRCI potential curves were computed with the cc-pVQZ basis set ͑without g functions͒ for the X 2 ⌸ state of BrO and the 7 the CASSCF and MRCI methods employed in this work give the correct wave functions for all the states investigated and do not suffer from spin contamination. The CASSCF/MRCI calculations were carried out using the MOLPRO suite of programs. 27 Spectroscopic constants ͑r e , e , and e x e ͒ were derived from the potential curves using a program ͑LEVEL͒, 32 which solves the radial Schrödinger equation with a given potential curve to obtain rotational and vibrational eigenvalues. The spectroscopic constants obtained, as well as the adiabatic ionization energies, are shown in Tables I and  II 
feature. The intensity of the O atom signal at 13.61 eV decreased as the O 2 /O mixture is reacted with Br 2 and this decrease is accompanied by the appearance of Br atom bands. In addition to these features, the spectrum recorded for Br 2 reacted with discharged oxygen ͓Fig. 5͑b͔͒ shows two features which were part of a short vibrational progression with an adiabatic ionization energy of (10.26Ϯ0.02) eV. This band was shown to arise from the OϩBr 2 reaction by performing experiments in which the O atoms, but not the O 2 (a 1 ⌬ g ) from the O 2 discharge, were deactivated by using a glass-wool plug placed in the O 2 discharge sidearm. Spectra recorded under these conditions showed no evidence of reaction and the band at 10.26 eV was not seen.
The spectrum presented in Fig. 5͑b͒ , as well as the position and envelope of the band at 10.26 eV, agrees very well with that published in the original OϩBr 2 PES study. 17 However, based on the results obtained from the BrϩO 3 reaction in this work, which placed the first AIE of BrO at (10.46 Ϯ0.02) eV, and the supporting theoretical and PIMS evidence, 18 the assignment of the band at 10.26 eV to ionization of BrO made in the earlier study 17 is clearly incorrect. In order to obtain the vibrational envelope of the band at 10.26 eV in the absence of Br 2 and O 2 (a 1 ⌬ g ) features, the signals due to Br 2 and O 2 (a 1 ⌬ g ) were subtracted off. Figure  6͑a͒ is a reproduction of the 10.0-11.5 eV region of the OϩBr 2 spectrum shown in Fig. 5͑b͒ . Figure 6͑b͒ shows 
), are clearly seen in the 11.0-11.5 eV region and the second of these is used to normalize this spectrum to the O 2 (a 1 ⌬ g ) band in the OϩBr 2 spectrum. Much weaker signals due to HeI ␤ ionization of O 2 (X 3 ⌺ g Ϫ ) are present at lower apparent ionization energy. A photoelectron spectrum of the first band of Br 2 is shown in Fig. 6͑c͒ . This spectrum has been normalized so that the intensity of the second spin-orbit component is the same as that of the corresponding band in the OϩBr 2 spectrum ͓Fig. 6͑a͔͒. The result of subtracting the Br 2 and the discharged O 2 spectra from the OϩBr 2 spectrum is shown in Fig. 6͑d͒ . As can be seen, the vibrational envelope of the first band of the reaction product at 10.26 eV only shows two components with the vertical the same as the adiabatic. The two components were separated by (820Ϯ30) cm Ϫ1 and they maintained the same intensity ratio as the experimental conditions were changed. No evidence was obtained for another band associated with this feature. Very weak features were, however, observed at 10.46 and 11.21 eV, which were the BrO bands, observed with more intensity in the BrϩO 3 reaction.
The relative intensity of the main observable features in the OϩBr 2 reaction were monitored as a function of mixing distance at constant reagent partial pressure and the results obtained are summarized in Fig. 7 . As expected, the O atoms decrease with increasing mixing distance. The 10.26 eV band increases to Ϸ5.0 cm mixing distance and then decreases, demonstrating that it is associated with a reaction product of limited lifetime under the conditions used.
D. Ab initio calculations on BrO 2 and Br 2 O
As the band at 10.26 eV observed from the OϩBr 2 reaction cannot be assigned to BrO, it was clear that it must be associated with a secondary reaction product. As Br 2 O has a first AIE of (10.26Ϯ0.01) eV measured by PIMS 19 and BrO 2 is a known secondary product of the OϩBr 2 reaction 21 with a computed first AIE at the CCSD͑T͒ level of (10.16 Ϯ0.13) eV, 20 these were the two major candidates considered for assignment of the 10.26 eV band. In fact, the band at 10.26 eV could be unambiguously assigned to ionization of BrO 2 with a C 2v structure ͑see later͒.
Ab initio calculations were performed for Br 2 O and BrO 2 in order to compute their first AIEs. Other than comparing the computed AIEs and the harmonic vibrational frequencies of the cation with the observed values, spectral simulations were also carried out for comparison with the observed vibrational envelope, in order to obtain an unambiguous assignment for the observed photoelectron band at 10.26 eV. For both BrO 2 and Br 2 O, the Cartesian Franck-Condon Factor ͑CART-FCF͒ program was employed, which is based on the harmonic oscillator model and includes Duschinsky rotation. The details of the Franck-Condon method employed ͑the IFCA method͒ have been described previously. ϩ . An augmented effective core potential ͑ECP͒ basis set, lan12 dzϩ2d ͑the lan12 ECP with the standard double-zeta valence basis, 34 augmented with one set of diffuse sp and two sets of d Gaussian functions͒ was also used for Br ͓together with the 6-31ϩG(2d) basis set for O͔; this basis set has been used in calculations for BBr 2 and its cation and was found to be satisfactory. 35 Single geometry energy calculations at a higher level and/or with a larger basis set, including the G2 method, 36 were also performed to obtain improved AIEs.
When these calculations on BrO 2 and BrO 2 ϩ were started, it was noted that the first AIE of BrO 2 had been calculated at the CCSD͑T͒/6-311ϩG(3d f )//CCSD͑T͒/ 6-311G(2d f ) level as (10.16Ϯ0.13) eV and the symmetric stretching frequency of the cation had been computed as 822 cm Ϫ1 at the CCSD͑T͒/TZ2P level. 20 Both the computed AIE and the vibrational frequency match reasonably well with the corresponding values obtained from the HeI OϩBr 2 photoelectron spectrum for the 10.26 eV band. However, the HeI photoelectron spectrum of OClO has been reported 37 and the first band has a vibrational envelope which differs significantly from what is observed for the 10.26 eV band seen in the OϩBr 2 reaction.
BrO 2 optimized geometries, computed harmonic vibrational frequencies, and ionization energies
The results obtained for BrO 2 The RCCSD͑T͒/cc-pVQZ//QCISD/6-311(2d) AIE is identical to the CCSD͑T͒/6-311ϩG(3d f )//CCSD͑T͒/6-311(2d f ) AIE of Francisco 20 of 10.16 eV, suggesting that this value is close to the computational limit ͑level of correlation and basis set size͒. The RCCSD͑T͒/cc-pVQZ VIE obtained using the experimental geometry of the neutral ground state is 10.24 eV, which agrees very well with the experimental VIE ͑which is equal to the AIE͒ of 10.26 eV. Inspecting the computed values for BrO 2 and BrO 2 ϩ ͓Tables III to V͔, it seems that it is the computed minimum energy geometries for both the neutral and cationic ground state which require a higher level of calculation. This is also reflected in the best IFCA geometry derived for the cationic ground state and this will be discussed in Sec. IV D 3.
Calculations have also been carried out on the lowest triplet state of BrO 2 ϩ in order to confirm that the lowest singlet state is the ground cationic state and to assist the search for higher bands of BrO 2 . The results are shown in Tables VI and VII. The optimized geometry of the ã 3 B 2 state seems to be reasonably stable with respect to the levels of calculation used and corresponds to a large change in both the Br-O bond length and the OBrO bond angle on ionization to this state; this would give rise to a broad photoelectron band showing structure in both the symmetric stretching and bending modes. It is expected that of the levels of calculation used to compute frequencies the QCISD/6-31G* harmonic frequencies are the most reliable ͓Table VI͔, with the highest stretching frequency computed to be Ϸ700 cm
Ϫ1
. From Table VII , it can be seen that the computed AIE and VIE values are very sensitive to the levels of calculation used. Nevertheless, at the highest levels of calculation used ͓G2 and RCCSD͑T͒/cc-pVQZ͔, the AIE and VIE to this triplet state are computed to be 11.59 and 11.71 eV, respectively. Therefore, the photoelectron band corresponding to ionization to the lowest triplet state of the cation would be expected to be Ϸ1.2 eV higher than the ionization energy to the lowest singlet state. This can be compared with ClO 2 , where the 3 B 2 state of ClO 2 ϩ is Ϸ2 eV higher than the X 1 A 1 state.
Spectral simulation of the BrO 2
¿ X 1 A 1 ]BrO 2 X 2
B 1 ionization
The simulated spectrum obtained using the QCISD/6-311G(2d) geometries and force constants are shown in Fig. 8͑a͒ . It can be seen that the main vibrational progression, corresponding to the two components observed experimentally, arises due to excitation of the symmetric stretching mode in the cation, with very weak relative intensities of vibrational components corresponding to excitation of the symmetric bending mode. This is because the computed change in bond angle upon ionization is small ͓1.3°at the QCISD/6-311G(2d) level͔. It is of interest to note that the strongest vibrational component is the ͑0, 0, 0͒-͑0, 0, 0͒ ionization and the AIE coincides with the VIE. This vibrational pattern is significantly different from that of the first band in the HeI photoelectron spectrum of ClO 2 , where the most intense component is the second vibrational component. However, the computed BrO 2 envelope matches reasonably well that of the 10.26 eV band observed in the OϩBr 2 photoelectron spectrum.
Employing the experimental geometry of r e ϭ1.644 Å and e ϭ114.3 ͑from Ref. 38͒ for BrO 2 (X 2 B 1 ), the IFCA procedure was performed by varying the cationic geometry to obtain the simulated spectrum which matches best with the experimental HeI photoelectron spectrum. The best simulated spectrum is shown in Fig. 8͑b͒ . An estimated experimental resolution ͑full width half maximum͒ of 65 meV was used with a Gaussian line shape in this simulation. The IFCA geometry used for the cationic state to produce Fig. 8͑b͒ is r e ϭ1.6135 Å and e ϭ117.5°. Although the vibrational components due to excitation of the bending mode were not resolved in the experimental spectrum, the simulations suggested that the slightly asymmetric band shape observed in the HeI photoelectron spectrum ͓on the high ionization energy ͑I.E.͒ side; see Fig. 6͑d͔͒ almost certainly arises from contributions from excitation of the bending mode, and the bond angle change on ionization was obtained by matching the asymmetry of the first two observed vibrational bands. The uncertainties in the IFCA derived ionic bond length and bond angle, based simply on the matching between the simulated and observed spectra are Ϯ0.0010 Å and Ϯ1.0°, respectively. The rather large uncertainty in the bond angle is due to the unresolved bending mode contributions in the experimental spectrum. However, because of experimental uncertainties in the relative component intensities and the uncertainty in the experimental r e for the neutral state, the errors in r e and e in the ionic state are estimated as Ϯ0.005 Å and Ϯ2.0°, respectively. Comparison between the ab initio computed geometrical parameters and the experimentally derived values suggests that there is an overestimate in the decrease in the bond length and an underestimate of the increase in bond angle upon ionization in the theoretical values.
Ab initio calculations of vibrational frequencies and ionization energies of Br 2 O
As already stated, the band at 10.26 eV observed in the OϩBr 2 reaction can be unambiguously assigned to ionization of BrO 2 (C 2v ). However, computed results obtained for different isomers of Br 2 O will now be presented to show that these cannot be assigned to the 10.26 eV band. The computed positions and envelopes may well be of use in identifying products of future experiments. Calculations were performed on ͑a͒ C 2v BrOBr and C s BrBrO singlet states, with ionization to the lowest doublet ionic states. Singlet BrOBr (C 2v ) is known to be lower than singlet BrBrO by Ϸ0.7 eV. 39 ͑b͒ Triplet BrBrO and triplet BrOBr states, with ionization to the lowest doublet and quartet ionic states. These calculations were performed because the O( 3 P) ϩBr 2 (X 1 ⌺ g ϩ ) reaction is expected to proceed on a triplet surface and may yield triplet Br 2 O as the final product. These open-shell triplet states lie higher in energy than the corresponding closed-shell singlet states.
In all cases the computed envelopes did not match that of the envelope of the band seen at 10.26 eV from the OϩBr 2 reaction. Hence, only the results of the C 2v BrOBr and C s BrBrO calculations will be presented here.
The optimized geometries and harmonic vibrational frequencies of both structures of Br 2 O have been computed by Lee, 40 employing the CCSD͑T͒/TZ2P level of calculation. More recently, Kolm et al. 39 reported a combined matrix isolation infrared spectroscopy and ab initio study on the photoinitiated isomerization between these two structures. In both studies, the BrOBr structure was found to be lower in energy and the ground electronic states of both structures are closed-shell singlet states. Also, in Ref. 39 , the vertical excitation energies from the closed-shell ground state of both structures to their low-lying singlet and triplet states were computed by the MCQDPT2 method. To our knowledge, no ab initio calculations have been performed on the cationic states of BrOBr or BrBrO. Since the BrOBr is the more stable, it may be expected that BrOBr would be the product when Br 2 O is produced. However, BrBrO has a computed harmonic vibrational frequency of 793 cm Ϫ1 for the BrO stretch, 40 which is close to the vibrational separation observed for the 10.26 eV band observed from the OϩBr 2 reaction, whereas the vibrational frequencies of BrOBr are all lower ͓the symmetric stretching mode in BrOBr is 525 cm Ϫ1 ; see Table VIII͔ .
Using the methods adopted in the BrO 2 calculations, minimum energy geometries and harmonic frequencies were computed at several levels of theory with different standard basis sets, for the ground electronic states of both the neutral and cationic states of both structures.
The optimized geometries and harmonic vibrational frequencies computed in this work are summarized in Tables  VIII-XI. For BrOBr, the results obtained agree very well with the CCSD͑T͒ values of Lee 40 ͓see Table VIII͔ , suggesting that in this case both the ECP basis set and the B3LYP In relation to the assignment of the 10.26 eV photoelectron band in the OϩBr 2 reaction, the computed vibrational frequencies of the ground cationic states of the two structures are particularly relevant, as no experimental values are available. From Tables IX and XI, it was concluded that the QCISD values should be reasonably reliable. Based on these computed vibrational frequencies, the energetically less stable BrBrO structure is favored for the assignment of the 10.26 eV photoelectron band over BrOBr, as for BrBrO ϩ , the BrO stretching mode has a calculated harmonic frequency of over 700 cm Ϫ1 , while all the calculated vibrational frequencies of BrOBr ϩ are significantly less than the observed vibrational spacing of 820 cm Ϫ1 . In Table XII , the computed first AIEs of both structures are summarized. For BrOBr, we have also computed the first AIE at the RCCSD͑T͒/cc-pVQZ level, with the QCISD/6-331ϩG(2d) and experimental geometries for the cation ͓Table IX͔ and neutral ͓Table VIII͔, respectively. At this level of calculation, an AIE of 10.37 eV was obtained, which can be compared with the first AIE of 10.34 eV, obtained at a similar level of theory for BrO ͓RCCSD͑T͒/ccpVQZ at CASSCF/MRCI geometries͔. A very similar comparison can be obtained when the results at the G2 level of calculation are also considered ͑for BrO, a G2 first AIE value of 10.37 eV was reported in Ref. 8͒ . Therefore, based on the computed AIEs, the first bands of BrOBr and BrO would be expected to coincide, while that of BrBrO is Ϸ0.44 eV lower in energy ͑at the G2 level, see an expected AIE of 10.02 eV for BrBrO, while the measured value from the OϩBr 2 photoelectron spectrum is 10.26 eV.
In view of these considerations of the AIE positions, the assignment of the 10.26 eV band to either C 2v BrOBr or C s BrBrO cannot be made-one is expected to be Ϸ0.15 eV higher while the other is Ϸ0.29 eV lower than the observed value. Although in the case of BrO, it has been demonstrated 7 that extrapolation of CCSD͑T͒ calculations to the basis set limit gave the best theoretical estimate of the AIE, which agreed with the experimental value to within Ϯ0.02 eV, such an extrapolation to the basis set limit for Br 2 O is beyond our present computational capacity.
Spectral simulations for Br 2 O-C 2v BrOBr and C s BrBrO
Spectral simulations were carried out employing the QCISD values, obtained with the largest basis sets used ͑see Tables VIII-XI͒ for both BrOBr and BrBrO. The simulated spectra for the C 2v and the C s structures are shown in Figs. 9 and 10. It can be seen that the simulated vibrational envelopes for the first bands of both BrOBr and BrBrO are much more complex than the rather simple observed band envelope of the 10.26 eV band of a single progression showing only two vibrational components ͓Fig. 6͑d͔͒. The simulations show that structure in more than one vibrational mode is observed in the first photoelectron bands of BrOBr and BrBrO, in accordance with the computed changes in equilibrium geometry upon ionization ͑Tables VIII-XI͒. Based on these simulations, it is clear that the first photoelectron bands of BrOBr and BrBrO would not have a simple band envelope, as is observed for the band at 10.26 eV in the OϩBr 2 reaction. This photoelectron band cannot therefore be assigned to ionization of C 2v BrOBr or C s BrBrO. ). Again, very poor agreement was obtained with the envelope of the 10.26 eV band observed from the OϩBr 2 reaction.
The conclusion from all these simulations is that the 10.26 eV band observed in the OϩBr 2 reaction system is the first photoelectron band of BrO 2 . Although BrO 2 is clearly produced, its production mechanism is not well established. There have been two suggestions in the literature. 21, 41 The first involves the reaction sequence. 41 OϩBr 2 →BrOϩBr, ͑5͒ 
V. CONCLUSIONS
The main conclusion of this work is that the photoelectron band associated with a reaction product of the OϩBr 2 reaction in the early PES work, 17 and initially assigned to BrO, is actually associated with ionization of the secondary reaction product BrO 2 . This band at (10.26Ϯ0.02) eV ionization energy can be firmly assigned as the BrO 2 ϩ (X 1 A 1 ) ←BrO 2 (X 2 B 1 ) ionization on the basis of computed AIEs and Franck-Condon simulations performed in this work. The first photoelectron band of BrO, prepared from reaction ͑1͒, is vibrationally resolved and allows the first AIE of BrO to be measured as (10.46Ϯ0.02) eV, in good agreement with previous measurements from photoionization mass spectrometry. 18 Assuming BrO(X 2 ⌸) dissociates to Br( 2 P) and O( 3 P) and BrO ϩ (X 3 ⌺) dissociates to Br ϩ ( 3 P) and O( 3 P), then D 0 0 (BrO) of (2.39Ϯ0.03) eV 42 and the first ionization energy of atomic bromine of 11.81 eV 24, 29 can be combined with the first ionization energy of BrO of (10.46 Ϯ0.02) eV measured in this work to yield D 0 0 (BrO ϩ ,X 3 ⌺ Ϫ ) of (3.74Ϯ0.05) eV.
